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Ob, ves. This study was dmf
,
,, to determine the feasibility
of r ration of accurate, complete right ventricular and
pulmonary artery pressure curves in patients with Doppler .
measurable tricuspid and pulmonary
	
tation.
Bat . Doppler-derived flow velocities have n u to
right ventricular systolic pressure ; pulmonary artery sys.
tolic, diastolic and mean pressures, and left ventricular systolic
and diastolic pressures . Instantaneous gradient across any area of
disc w is accurately derived using the simplified
Bernoulli equation (4V 2 ) . Invasive catheterization is currently the
only mean of generating iatrac iac pressure curves. No va-
sively derived pressure curves us Doppler echocardiography
would be a considerable advance in the assessment of nor and
pathologic cardiac hemodynamics .
Methods . Right ventricular and pulmonary artery pressure
curves were generated in 18 of 22 patients with measurable
tricuspid and pulmonary valve regurgitation using superimposi .
tion of Doppler-measured tricuspid and pulmonary valve blood
flow velocities on an assumed right atrial pressure. Doppler .
Accurate determination of right ventricular and pulmonary
artery systolic, diastolic and mean pressures and pressure
curve configuration is helpful in the evaluation of patients
with congenital heart disease . Currently, this information is
obtained invasively, using direct measurement by cardiac
catheterization . Accurate noninvasive measurement of these
pressures and pressure curves would prove helpful in elim-
inating or reducing the risks, costs and discomfort associated
with cardiac catheterization .
Instantaneous gradient across any area of discrete nar-
rowing (valve, ventricular septal defect or stenotic lesion) is
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NEW METHODS
measured right ventricular and pulmonary artery pressure curves
were com with simultaneous catheter tion-measu curves .
Results . Doppler-derived pulmonary artery systolic pressure
(Doppler PAP) correlated with simultaneous catheter-measured
pulmonary artery pressure (Cath PAP) by the equation Doppler
PAP = 0.92(Cath PAP) + 4 .5, r = 0.98. Other Doppler-derived
pressure measurements that correlated at near identity with the
catheterization-measured corresponding measurement include
Doppler-derived pulmonary artery mean pressure (Doppler mean
PAP) [Doppler mean PAP = 0.85(Cath mean PAP) + 2.6, r
0.97], and Doppler-derived right ventricular pressure (Doppler
RVP) [Doppler RVP = 0 . (Cath measured RVP) + 7.9, r =
0.981. Doppler-derived pulmonary artery diastolic pressure (Dop .
pler PAP diast) did not correspond as well in this study [Doppler
PAP diast = 0.45(Cath PAP diast) + 6 .6, r = 0.83] .
Conclusions . Clinically usable right ventricular and pulmonary
artery pressure curves can be derived by superimposing Doppler-
measured tricuspid and pulmonary valve blood flow velocities in
patients with tricuspid and pulmonary valve regurgitation .
(J Am Coll Cardiol 1994;23.434-42)
accurately derived utilizing the simplified Bernoulli equa-
tion :
Pt
-
P2
= 4V2 (1) . Doppler-derived flow velocities have
been used to assess right ventricular systolic pressure (2,3) ;
pulmonary artery systolic (2), diastolic (4) and mean (4)
pressures, or left ventricular systolic (5-10) pressures. How-
ever, most studies use a velocity at a single point in time to
assess any particular value . This approach has inherent
limitations and does not provide curves that are directly
comparable to cardiac catheterization-measured pressure
curves .
The authors have previously presented the results of a
pilot study demonstrating that superimposition of Doppler-
measured tricuspid and pulmonary valve gradients on an
assumed right atrial pressure through the entire cardiac cycle
provided right ventricular and pulmonary artery pressure
curves similar to those seen at cardiac catheterization in 10
patients (Donald Ritter Honorary Symposium, Mayo Clinic,
October 1988) .
The objective of this study was to determine the feasibil-
ity of Doppler derivation of complete right ventricular and
pulmonary artery pressure curves using superimposition of
Doppler-measured tricuspid and pulmonary valve flow ve-
0735-10971941$7 .00
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locities in patients with measurable tricuspid and pulmonary
valve regurgitation .
Methods
Subjects . Twenty-two sedated patients with tricuspid and
pulmonary valve regurgitation identified on the echocardio-
gram and undergoing a clinically indicated cardiac catheter-
ization for evaluation of congenital heart disease were in-
cluded in the study. Informed consent was obtained, and the
study was approved by the institutional review board . In all
patients, the echocardiogram and cardiac catheterization
were requested by the primary physician for clinical reasons .
Four of the 22 patients had Doppler recordings of poor
quality, predominantly related to limitations in patient posi-
tioning during the catheterization procedure . These four
patients were not included in the data analysis . Table 1
includes patient diagnosis, age, degree of tricuspid and
pulmonary valve regurgitation and Doppler-derived and
catheterization-measured right-sided intracardiac pressures
for the 18 study patients . Cardiac catheterization-measured
peak right ventricular pressure ranged between 23 and
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Table 1
. Doppler-Derived and Catheterization-Measured Right Ventricular and Pulmonary Artery Pressures in 18 Study Patients
ASD = atria] septal defect
: AVC = atrioventricular canal ; DTGA = d-transposition of the great arteries ; HRH = hypoplastic right heart ; MIG Dop =
Doppler-measured maximal instantaneous pulmonary valve gradient; Mod = moderate ; PA = pulmonary artery ; PAP Cath cat helerization-measured
pulmonary artery systolic pressure ; PAP Cath mn = mean pulmonary artery pressure
: PAP Diast Cath catheterization-measured
pulmonary artery diastolic pressure ; PAP Dim Dop = Doppler-measured pulmonary artery diastolic pressure
; PAP Dop = Doppler-measured pulmonary artery
systolic pressure ; PAP Dop mn = Doppler-measured mean pulmonary artery pressure ; PDA = patent ductus arteriosus ; Pk-Pk cath = cat heterization-measured
peak-to-peak pulmonary valve gradient ; Pk-Pk Dop = peak-to-peak pulmonary valve gradient measured from Doppler curves ; PR = degree of pulmonary
regurgitation; Pt = patient ; PS = pulmonary valve stenosis ; RVOT = right ventricular outflow tract obstruction . RVP cath = catheterization-measured right
ventricular pressure : RVP Dop = Doppler-measured right ventricular pressure ; SIP = status post ; TAPVR = total anomalous pulmonary venous return ; TR
degree of tricuspid regurgitation ; Triv = trivial : VSD = ventricular septal defect .
102 mm Hg, pulmonary artery systolic pressure between 20
and 74 mm Hg and pulmonary artery mean pressure between
14 and 50 mm Hg .
Pressure and Doppler velocity recordings. Fluid-filled
catheters with calibrated pressure transducers were used to
measure right ventricular and pulmonary artery pressure
recordings . Catheterization pressure curves were electroni-
cally transmitted into the echocardiographic machine by
analog signal for simultaneous recording of Doppler pressure
data .
A Vingmed CFM750 Doppler echocardiograph was used
for all studies . A 2.0-MHz freestanding continuous wave or
2.5-MHz two-dimensional directed continuous wave or high
pulsed repetition frequency Doppler transducer was used to
obtain Doppler signals . Pulmonary valve flow velocities and
catheterization-measured pulmonary artery pressure curves
were recorded immediately before pullback of the catheter
from the pulmonary artery to the right ventricle . The tricus-
pid valve Doppler signal- and catheterization-measured right
ventricular pressure were recorded immediately after pull-
back of the catheter from the pulmonary artery to the right
ventricle. For all signals, the transducer position that pro-
Pt
N1 . Diagnosis
Age
(yr) TR PR
RVP
RVP
Dop Cath
(mm Hg) (mm Hg)
PAP
1 .-op
(mm Hg)
PAP
Cath
(mm Hg)
PAP
PAP
Dop mn Cath mn
(mm Hg) (mm Hg)
PAP
Dim
Dop
(mm Hg)
PAP
Dim
Cath
(mm Hg)
MIG
Pk-pk
Dop Dop
(mm Hg) (mm Hg)
Pk-Pk
Cath
(mm Hg)
I Coarctation,
VSD
0 Mild Mild 60 61 57 61 33
36 19 19 5
3 0
2 Cardiomyopathy 16 Mild Mild
30
28
31 33 24 26 13
18 3
- 1 -5
3 Transplant 3 Mild Mild 38 38 38 37 37
23 25 15
15 3
15
4
RVOT repair
I
Mod Mod 29 22 27 20 17
12 12 9 0
2 2
5 Transplant 15 Mild Mild
36 39 35 35 18
23 10 13 1
1 4
6 Transplant 4 Mild Mild 29
21 25 20
i7
14 8 11
1 4 1
7 Transplant I Mild Mild 29 29
26 27 17 19 1 1 9 5
3 2
8 AVC, PA band 8 Mild Triv 92 102 19 24 t0
17 12 10 92
73 78
9 ASD 17 Triv Triv 34
23 26 20 14 II 8
5 90
8 3
10 TAPVR 0 Mild Triv 72 71 70
69
49
57 24 46
3 2 2
11 ASD 7 Triv Triv 32 24 28 25 20
20 18 18 7
4 - 1
12 Cv,xctalion 0 Mild Triv 66 66 61 56 42
42 25 28 5 5
11
13
VSD, PS
29 Mod Mild
83 87 44 47 31 35 19
22 49 39 40
14 Coaretation 0 Mod Mild 36
34 36 31 23 21 9 14 I
0 3
15 TAPVR 0 Mod Mild 72 73 73 74
47 50 20 33 2
1 1
16 Transplant 16 Mod Mild 34 35 32 29 23 23 16
14 2 2 6
17 TAPVRPDA 0 Mild Triv 38 41 34 29 22 22
12 14 5 4 12
18
Rastelli for
DTGA
15 Triv Mod
44 53 23 20 15 16 8 13
31 21 33
Mean 7 47 47 38
36 25 26 14 17 12
9 t I
436
	
ENSING ET
AL.
DOPPLER GENERATION OF HEMODYNAMIC PRESSURE CURVES
TRIM97M SIGNAL
D.
RV CURVE
vided the highest velocity and cleanest Doppler signal was
identified and used for data analysis . Simultaneously mea-
sured Doppler signals and catheterization pressures were
saved in Cinetoop format. Approximately 10 to 30 cardiac
cycles of data for tricuspid and pulmonary signals were
transferred into an Apple Macintosh 11 CX computer
equipped with Echoprograms software and 8 megabytes of
random access memory .
Curve generation . Tricuspid and pulmonary valve veloc-
ity tracings were selected that had an identical or nearly
identical RR interval for three consecutive cycles . The
highest velocity, cleanest signal with an acceptable RR
interval was chosen for data analysis . Doppler signals were
traced utilizing the Echoprogram Software edge detection
set at 9076 to 97% of the signal, depending on signal profile
(nonlaminar flow and continuous wave signals required
higher settings) . Edge tracing was then manually adjusted to
eliminate tracing of valve motion noise and artifact .
Right ventricular diastolic pressures were estimated by
assuming that right ventricular pressure is 0 to I mm Hg
immediately after the tricuspid regurgitant velocity reaches
0, that the right ventricular pressure approximates the as-
sumed right atrial pressure of 10 mm Hg at end-diastole
(defined as the point where the tricuspid regurgitant velocity
leaves 0 for the next systole) and that the relation is linear
between these two points. This was approximated by tracing
a hyperbolic curve during diastole between a velocity of
1.5 m/s (gradient 9 mm Hg), immediately after the tricuspid
regurgitation velocity reaches 0, and 0 m/s, immediately
before initiation of the tricuspid regurgitation signal of the
next systole (end-diastole) (Fig . IA, arrows) . The tracing of
the tricuspid regurgitant signal and the previously described
secomb
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Figure 1 . Doppler tricuspid (A) and pulmonary (B)
signals with Doppler-derived (dark serrated line)
and catheterization-measured (thin line) right ven-
tricular (RV) (C) and pulmonary artery (PA) (D)
pressure curves in Patient 17 . Curves demonstrate
relatively normal right ventricular and pulmonary
artery pressures. Arrows represent hyperbolic trac-
ing on the tricuspid Doppler signal to derive the
"assumed" right ventricular diastolic pressure
curve. In Figures l to 5, a phase shift in the
Doppler versus catheterization-measured pressure
curves is present . This is the result of delay of the
fluid-filled catheter and the effect of the smoothing
technique utilized in the generation of the Doppler
curves . This has been left in place for clarity of
presentation .
diastolic tracing (Fig . IA, 2A, 3A and 4A) were then digi-
tized at each 0.01 s and transferred into the Excel spread-
sheet, along with the corresponding digitized catheteriza-
tion-measured pressure tracing .
Pulmonary forward and regurgitation velocities were then
traced utilizing the edge-detection program at 9096' to 97% of
the signal (Fig. IB, 2B, 3B and 4B) . Adjustments for valve
motion noise, artifact or poor detection were then made by
manual tracing, and velocities were transferred into the
Excel Spreadsheet .
Right ventricular and pulmonary artery pressures were
then calculated on the basis of the simplified Bernoulli
equation (Pressure gradient = 4V 2) . Because this equation
does not allow indication of gradient direction and
V2 i s
always a positive number, further modification utilizing the
absolute value (11) of velocity was used : Pressure gradient =
4V(IVI) .
The entire right ventricular pressure (RVP) curve was
derived utilizing the equation,
RVP = 10 - 4(Tricuspid velocity)(1 Tricuspid velocity 1),
where the velocity is negative during regurgitant flow and
positive during the diastolic velocity arc tracing . This -.~ffec-
tively allows for the appropriate direction of gradients during
systole,
RVP = 10 + 4(Tricuspid regurgitation velocity) 2 ,
and during diastole,
RVP = 10 - 4(Tricuspid diastolic arc "velocity" ) 2 .
Similarly, the pressure gradient across the pulmonary valve
was calculated by the equation,
JACC Vol. 23, No. 2
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Figure 2. Doppler tricuspid (A) and pulmonary
(B) signals with Doppler-derived (dark serrated
line) and catheterization-measured (thin line)
right ventricular (C) and pulmonary artery (D)
pressure curves in Patient 8 . The curves dem-
onstrate elevated right ventricular pressures
with normal pulmonary artery pressures . The
Doppler-derived pulmonary artery pressure
curve is slightly distorted . Abbreviations as in
Figure 1 .
Pulmonary valve gradient =
- 4(Pulmonary velocity)(1 Pulmonary velocity 1),
where forward flow across the pulmonary valve (away from
the transducer) is a negative number, and regurgitant flow
(toward the flow) is a positive number. This equation pro
vides a positive value for the gradient during forward flow
and a negative value during pulmonary valve regurgitation .
Pulmonary artery pressure (PAP) was then calculated by
subtracting the pulmonary valve pressure gradient from the
A .
Figure 3. Doppler tricuspid (A) and pulmonary
(B) signals with Doppler-derived (dark serrated
line) and catheterization-measured (thin line)
right ventricular (C) and pulmonary artery (D)
pressure curves in Patient 13 . The curves dem-
onstrate elevated right ventricular pressures
with mildly elevated right ventricular pressures
as well . Abbreviations as in Figure I .
A.
B .
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previously estimated right ventricular pressure (RVP) . Ef-
fectively, during systole,
PAP = RVP + Negative pressure gradient,
or
PAP = RVP - 4(Pulmonary forward velocity)'- ,
and, during diastole,
PAP = RVP + Positive pressure gradient,
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PAP = RVP + 4(Pulmonary regurgitation velocity) = .
Both right ventricular and pulmonary artery data were
averaged over 100 ms utilizing a sliding curve. Each value
plotted was the average of the value at that time and the
subsequent nine values (100 ms), resulting in effectively
plotting the Doppler tracing 50 ms early . Right ventricular
and pulmonary artery pressure curves were then plotted
next to the catheterization-measured curves (Fig . I to 4, C
and D). Early plotting of the Doppler-derived curve plus
delay of the catheterization-measured tracing of 8 to 90 ms
caused by the effect of the fluid-filled catheters resulted in
nonsuperimposition of Doppler-derived and catheterization-
measured curves .
Mean pulmonary artery pressure was calculated by
averaging the instantaneous values obtained for two entire
cardiac cycles for both the catheterization-measured and
Doppler-derived curves . Mean pulmonary valve gradient
was calculated in the same fashion utilizing two systoles .
Doppler-derived and catheterization-measured right ventric-
ular systolic and pulmonary artery systolic, mean and dia-
stolic pressures were compared .
Statis" &Wysis. Values for peak systolic, mean and
diastolic pulmonary artery pressures and peak right ventric-
ular systolic pressures from the Doppler-derived curves
were compared with catheter-measured values by the simple
linear regression correlation method . Standard error of the
estimate was calculated, and each equation was compared
with the "ideal," with a slope of 1
.0 and an intercept of 0 .0 .
RV CURNE
Seconds
1 .5
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F' re 4. Doppler tricuspid (A) and pulmonary (B)
signals with Doppler-derived (dark serrated line) and
catheterization-measured (thin line) right ventricular
(C) and pulmonary artery (D) pressure curves in
Patient 10 . Curves demonstrate -levated right ventric-
ular pressures with substantial pulmonary hyperten-
sion . Abbreviations as in Figure 1 .
Results
Doppler- and catheterization-measured right ventricular
systolic and pulmonary artery systolic, mean and diastolic
pressures are included in Table 1 . Several curves are shown
in Figures I to 4. Doppler-derived right ventricular systolic
pressure (Doppler RVP) correlated with catheter-measured
right ventricular systolic pressure (Cath RVP) by the equa-
tion,
Doppler RVP = 0 .84(Cath RVP) + 7 .9 ;
r = 0.98 (Fig. 5A) . The slope of 0.84 (SE 0.04) and intercept
of 7.9 (SE 2 .12) were significantly different from the ideal
slope of 1 .0 (p = 0.002) and intercept of 0 (p = 0 .001) .
Doppler-derived pulmonary artery systolic pressure
(Doppler PAP syst) correlated with the catheterization-
measured pulmonary artery systolic pressure (Cath PAP
syst) by the equation,
Doppler PAP syst = 0 .92(Cath PAP syst) + 4 .5 ;
r = 0.98 (Fig . 5B). The slope of 0 .92 (SE 0 .05) was not
significantly different from the ideal of 1, whereas the
intercept of 4 .5 (SE 1 .96) was significantly different from the
ideal intercept of 0 (p = 0 .04) .
Doppler-derived mean pulmonary artery pressure
(Doppler mean PAP) correlated with the catheterization-
measured mean pulmonary artery pressure (Cath mean PAP)
by the equation,
Doppler mean PAP = 0.85(Cath mean PAP) + 2.6 ;
r = 0.97 (Fig. 5Q. The slope of 0.85 (SE 0.05) was signifi-
cantly different from the ideal of 1 (p = 0.01), whereas the
JACC Vol . 23, No. 2
February 1994 :434-42
Figure S. Scattergram of Doppler-derived right
ventricular systolic pressure (Dop RVP) versus
catheterization-measured right ventricular sys-
tolic pressure (Cath RVP) (A) ; Doppler-derived
pulmonary .;tery systolic pressure (Dop PAP
cyst) versus catheterization-measured pulmo-
nary artery systolic pressure (Cath PAP syst)
(B) ; Doppler-derived pulmonary artery mean
pressure (Dop PAP mn) versus catheter-
measured pulmonary artery mean pressure
(Cath PAP mu) (C) ; and Doppler-derived pul-
monary artery end-diastolic pressure (Dop PAP
diast) versus catheter-measured pulmonary ar-
tery end-diastolic pressure (Cath PAP diast)
(D) .
intercept of 2 .6 (SE 1 .54) was not significantly different from
the ideal of 0 (p > 0.05) .
Doppler-derived pulmonary artery diastolic pressure
(Doppler PAP Boast) did not correspond as well with the
catheterization-measured pulmonary artery diastolic pres-
sure (Cath PAP diast) in this study with slope less than
identity :
Doppler PAP diast = 0 .45(Cath PAP diast) + 6 .6 ;
r = 0.83 (Fig . 5E). The slope of 0.45 (SE 0.08) and intercept
of 6.6 (SE 1.49) were significantly different from the ideal
slope of 1 .0 (p < 0.001) and intercept of 0 (p < 0 .001) .
In 13 of the 13 patients, the complete pulmonary artery
pressure curve shape was judged to be very similar to the
catheterization-measured pulmonary artery pressure curve .
In two of the other five patients, it was similar, and in three
(Patients 8, 11 and 18) it was judged to be somewhat dissimilar
to the catheterization-measured curves . These patients had
tricuspid regurgitation signals that were difficult to obtain
and low pulmonary artery pressures .
Discussion
Hatle et al . (1) first introduced the concept of noninvasive
pressure determination using Doppler velocity recordings. A
simplification of the Bernoulli equation was proposed as a
ENSING ET AL .
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means of calculating the pressure gradient (pressure gradient
= 4V2) . Clinical validation of these principles has occurred
and fostered a new emphasis on Doppler hemodynamics
data .
In an experimental model, Callahan et al . (5) showed that
the Doppler velocity depicted a beat to beat change in
gradient. Mean and comparable instantaneous pressures
mirrored the catheter-derived gradients . Their study high-
lighted the fact that gradient is a dynamic event, changing
from beat to beat depending on the physiologic state .
A series of Doppler-catheterization studies were subse-
quently performed by the same group (11,12) in adults and
adolescent children. The study demonstrated that Doppler-
derived hemodynamic data accurately reflect simultaneous
catheter-measured hemodynamic data if comparable data
are assessed. Instantaneous events can be less well corre-
lated to nonsimultaneous events (i .e ., the Doppler maximal
instantaneous gradient may correlate poorly with the catheter-
measured peak to peak gradient, a comparison of two
temporally separate occurrences) .
Confusion was introduced by the fact that in certain
situations the peak to peak and maximal instantaneous
gradient do have a close relation . This occurs when the low
pressure waveform has a relatively low pulsatile pattern .
Thus, on the right side of the heart, the peak to peak and
instantaneous gradient have a closer relation, whereas gra-
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dients across the aortic valve typically have wide differences
in instantaneous and peak to peak gradients
Sholler et al . (13) derived a left ventricular systolic
pressure curve by superimposing the Doppler-measured
aortic valve pressure gradient on a noninvasively derived
carotid artery pressure tracing . Isaaz et al. (14) presented an
initial experience with derivation of a pulmonary artery
pressure curve by superimposing a Doppler-measured tri-
cuspid valve systolic gradient on an estimated right atria]
pressure. The pulmonary artery systolic pressure curve was
derived by superimposing 4 (Doppler-measured pulmonary
valve systolic velocity) on this right ventricular curve .
Pulmonary artery diastolic pressure was then estimated by
connecting a straight line between the estimated pulmonary
artery early systolic and end-systolic pressures . With this
technique, a small error in timing of superimposition of
pulmonary and tricuspid flow can result in a substantial error
in the pulmonary artery diastolic pressure estimate .
The present study demonstrates that complete right ven-
tricular and pulmonary artery pressure curves can be de-
rived by utilizing superimposition of Doppler-measured tri-
cuspid and pulmonary blood flow velocities in patients with
Doppler-measurable tricuspid and pulmonary valve regurgi-
tation. Pulmonary artery systolic, diastolic and mean pres-
sures as well as the peak to peak right ventricular to
pulmonary artery gradient can be measured. These data may
be especially important in the assessment of patients with
pulmonary hypertension in addition to pulmonary valve
stenosis, as demonstrated in Figure 3 . In these patients,
utilization of the maximal instantaneous gradient can over-
estimate peak to peak right ventricular pressure and hence
underestimate pulmonary artery pressure. However, devia-
tion from the ideal correlation of identity between the
catheterization- and Doppler-measured pressure values sug-
gests some limitations of present technique and the standard
for comparison .
Limitations of technique of curve generation. Right ven-
tricular systolic pressure curve
. Potential errors in Doppler
measurement of right ventricular pressure may be caused by
nonparallel alignment of tricuspid regurgitation signal or
erroneous estimate of right atrial pressure, or both . In this
study, 10 mm Hg was used as the estimated right atrial
pressure for all patients . The intercepts of the Doppler- and
catheterization-measured right ventricular (intercept 7 .9,
Fig. 4A) and pulmonary artery (intercept 4.5, Fig. 4B)
pressure comparisons suggest that, especially in patients
w;th low right ventricular pressures and no evidence of
pulmonary hypertension, a lower value of perhaps 5 mm Hg
may have been more appropriate . However, the slopes of
less than identity suggest that a higher value may be neces-
sary in patients with higher estimated right ventricular and
pulmonary artery systolic pressures
. A method for noninva-
sive assessment of right atrial pressure would be helpful in
improving the accuracy of all pressure curves . A solution
may be provided by the work of Kircher et al . (15), who have
demonstrated that, at least in adults, a reasonable estimation
JACC Vol. 23, No. 2
of right atrial pressure can be obtained by two-dimensional
assessment of respiratory collapse of the inferior vena cava .
A alight underestimation of right ventricular systolic
pressure at higher values may also reflect difficulty in signal
alignment and in obtaining very high quality signals in the
catheterization laboratory, where positioning was limited .
Right ventricular diastolic pressure curve . For ease of
data manipulation in this study, the assumed right ventricu-
lar diastolic pressure curve was created by tracing a hyper-
bolic curve between a velocity of 1 .5 m/s in early diastole
and 0 m/s in end-diastole . By utilizing this tracing and the
previously described sliding smooth for the entire right
ventricular curve, a relatively linear right ventricular dia-
stolic pressure curve was consistently formed between
t mm Hg in early diastole and 10 mm Hg in late diastole .
Differences between this curve and the true right ventricular
diastolic pressure curve will substantially affect the pulmo-
nary artery diastolic pressure curve, which is partially
derived from it . Curve accuracy would be improved by
developing an equation to better approximate the patient's
true right ventricular diastolic pressure curve . This equation
would most likely take into consideration an estimate of
atrial pressure throughout the cardiac cycle (no longer
assuming that right atria] pressure is constant) and the
diastolic Doppler-measured tricuspid valve gradient .
Pulmonary artery systolic pressure curve . Three patients
in this study had substantial distortion of the pulmonary
artery systolic pressure curve . These patients had low pul-
monary artery systolic pressures and either substantial pul-
monary valve stenosis or tricuspid regurgitation signals that
were difficult to obtain, resulting in underestimation of
pulmonary artery systolic pressure . This should be less of a
problem in the echocardiography laboratory, where patient
positioning and time constraints are less substantial .
Pulmonary artery diastolic pressure curve . The primary
limitation of this study was the accuracy of the pulmonary
artery diastolic pressure curve, typically an underestima-
tion. There are two probable reasons for this less than ideal
correlation. 1) Superimposition of the right ventricular-
pulmonary artery gradient on an "assumed" right ventricu-
lar diastolic pressure curve resulted in error when the
"assumed" curve substantially differed from the true right
ventricular diastolic pressure curve . 2) The pulmonary re-
gurgitation velocity was difficult to obtain in some patients
and occasionally flowed at an angle >200 from the Doppler
signal, resulting in an underestimation of pressure gradient
and an overestimation of pulmonary artery diastolic pres-
sure. This problem has been observed to be less pronounced
in the echocardiography laboratory than in the catheteriza-
tion laboratory.
Errors related to estimation of the right ventricular dia-
sto!ic pressure curve are more evident in patients with a less
compliant right ventricle . In some patients, an atrial wave
can substantially increase right ventricular diastolic pres-
sure, thereby causing a transient dip in the pulmonary
regurgitation signal related to increased right ventricular
JACC Vol. 23, No . 2
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pressure rather than a decrease in pulmonary artery pressure
(Fig. I B and C), as would be predicted by the present
technique. This would be best corrected by accurate dy-
namic assessment of the right atrial pressure, a difficult
proposition. Alternatively, this effect may be reduced by
assuming a more linear pulmonary regurgitation velocity
decrease during the "a" wave effect rather than tracing the
dip in signal, thereby eliminating the atria] wave effect from
the pulmonary artery diastolic pressure curve .
Limitations of timing and Doppler physics . Occasion-
ally, distortion of the early and late portions of curves occurs
when pressure changes occur quickly . Two reasons for this
distortion include the following : 1) nonsimultaneous tricus-
pid and pulmonary curves are superimposed for generation
of curves. If the RR interval is not identical, curve distortion
may occur . In the future, such problems can be minimized
by software modifications (timing adjustments gated to the
initiation of the QRS complex) . An ideal solution may be
provided by the technology similar to the currently available
simultaneous biplane echocardiography . Simultaneous tri-
cuspid and pulmonary Doppler signals should be obtainable
with separate transducers for superimposition . The same
effect could be obtained by simultaneous use of two machines
using superimposition of signals from the same cardiac cycle .
2) The commonly used simplification of the Bernoulli
equation assumes a negLigible effect of acceleration and
deceleration forces on blood flow velocity . As described in
an excellent review of the physics of fluid dynamics by
Pasipoularides (16), significant errors in the Doppler esti-
mate of degree of and, more commonly, timing of pressure
gradient can occur. Such distortion is more significant during
the transition periods of the cardiac cycle and will be
especially remarkable when acceleration or deceleration
forces are large in relation to blood flow velocity . Specifi-
cally, the timing of the pressure gradient across a non-
stenotic pulmonary valve may be especially distorted . It is
apparent that some degree of curve distortion is currently
unavoidable when the simplified Bernoulli equation is used .
The addition of software using a more complete Bernoulli
equation, taking into consideration acceleration and decel-
eration forces, would eliminate this source of error .
Limits of signal acquisition . The technique of curve
generation in this study requires the presence of tricuspid
and pulmonary regurgitation of sufficient degree to trace the
entire envelope . The incidence of Doppler-detectable tricus-
pid and pulmonary regurgitation utilizing current ultrasound
technology has been estimated as up to 100% of healthy
adults (17) and 83% and 93%, respectively, in 13- to 45-year
olds (18) . Not surprisingly, incidence varies depending on
equipment used (18). Utilizing the Ving Med CFM 750
system, tricuspid regurgitation with an adequate signal for
curve generation is observed in approximately 65% of pedi-
atric patients with congenital heart disease or pulmonary
hypertension, whereas traceable pulmonary regurgitation is
present in approximately 75% (Erasing G, unpublished per-
sonal experience) . This would suggest that adequate right
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ventricular pressure curves would be derivable in approxi-
mately 65% of the pediatric patient group, whereas adequate
pulmonary artery pressure curves (requiring both tricuspid
and pulmonary regurgitation) would be obtainable in approx-
imately 49% of patients, utilizing the present level of tech-
nology .
Limits of the standard of comparison . The fluid-filled
catheters used in this study provide an imprecise standard
for comparison . In addition to the previously described
phase delay, the effects of inertia result in some degree of
distortion of the directly measured curves . The use of
multisensor micromanometric catheters in the future would
provide a better standard for comparison .
Conclusions. From this study we conclude that Doppler
generation of right ventricular and pulmonary artery pres-
sure curves is feasible with the use of hardware and software
now available to many echocardiographers . More accurate
definition of curve configuration may be obtained with
further modifications, including improved methods for esti-
mating right atrial pressure and improved techniques of
signal acquisition and software taking advantage of a less
simplified Bernoulli equation . Instantaneous pressure differ-
ences can be used to build a more complete picture of the
dynamic pressure interactions throughout the cardiac cycle .
We thank Debbie Greene for help in manuscript preparation . In addition, we
thank Donald Girod, MD, Roger Hurwitz, MD and Joyce Hubbard, MD for
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